Glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH) and its paralogues were implicated in late-onset Alzheimer's disease (LOAD), although the strength and direction of association have not been consistent. We genotyped three previously reported SNPs (rs3741916-GAPDH 5'UTR, rs2029721-pGAPD and rs4806173-GAPDHS) in three case-control series (2112 cases and 3808 controls). Rs3741916 showed the strongest LOAD association (p=0.003). The minor allele of rs3741916 showed a protective effect in our combined series (OR=0.87, 95% confidence interval (CI)=0.79-0.96). This is consistent with results from the two published follow-up studies and in © 2010 Elsevier Inc. All rights reserved. # To whom correspondence should be address: taner.nilufer@mayo.edu or younkin.steven@mayo.edu, ). Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. Figure A and 
Introduction
Late Onset Alzheimer's disease (LOAD) is a complex disease with an estimated 80% genetic component (Gatz, et al., 2006) . Until recently only the APOE4 allele showed consistent, reproducible association with LOAD (reviewed in (Ertekin-Taner, 2007) ). The large LOAD GWAS published in the past two years have identified five novel LOAD genes with genome-wide significance ,Harold, et al., 2009 ,Lambert, et al., 2009 ,Reiman, et al., 2007 . Three (CLU, PICALM, CR1) of these genes achieved genomewide significance in the first stage of the two largest LOAD GWAS to date (Harold, et al., 2009 ,Lambert, et al., 2009 . The two remaining genes (PCDH11X and GAB2) reached this level of significance in the combined Stage 1 and 2 analyses ,Reiman, et al., 2007 ). An additional 500+ LOAD candidate genes and alleles have been published (Bertram, et al., 2007) but most failed to show consistent replication. One such example is the GAPDH locus on chromosome 12p. GAPDH encodes an glyceraldehyde 3-phosphate dehydrogenase, most commonly known for its role in glycolysis, but which has also been recently implicated in neuronal apoptosis and transcriptional activation (Colell, et al., 2007 ,Nakajima, et al., 2009 .. GAPDH is located on chromosome 12p proximal to a LOAD linkage peak described in multiple studies(12-15), making it both a positional and functional candidate LOAD gene.
In 2004, Li et al. reported replicable association of multiple SNPs at the GAPDH locus and its paralogues, GAPDHS (on 19q) and pGAPD (on 12q), with LOAD in up to four Caucasian case-control series. This study focused on rs3741916 in the 5'UTR of GAPDH, rs4806173 in intron 1 of GAPDHS and rs2029721, a missense mutation, in pGAPD. All three SNPs were also analyzed in follow-up studies by Lin et al. (9) , who analyzed a Caucasian case-control and a Caucasian family-based series. GAPDH SNP rs3741916 was also assessed by Lee et all (10) , who analyzed one Caucasian and one Carribbean-Hispanic family-based series in addition to a Caucasian case-control series.
In the initial study of Li et al. (8) , the minor allele of rs3741916 was significantly associated with increased risk of LOAD but in both follow up studies (9, 10) it was significantly associated with decreased risk These results suggest that the association of rs3741916 with LOAD may be influenced by genetic and/or environmental factors that vary among the populations studied. Significant series to series heterogeneity of this sort, with increased risk in some studies and decreased risk in others, is relatively common in genetic association studies of LOAD and other genetically complex diseases. Given the multiple, independent LOAD associations reported for SNPs in GAPDH and its paralogues, it seemed likely to us that variants in these genes could have a complicated effect on LOAD pathogenesis. To investigate this possibility further, we genotyped the three SNPs that were previously reported (8-10) to show significant association (rs3741916, rs2029721, and rs4806173) in three additional case-control series with a combined total of 5920 subjects (2112 cases and 3808 controls). We then analyzed these SNPs using models identical to those employed in the previous studies to assess the same stratified sets of subjects that were analyzed in those studies. To characterize the association at these loci more fully, we assessed an additional 22 SNPs in these genes.
Materials and Methods

Patient samples
Two independent clinically diagnosed series of late-onset AD (LOAD) cases (age of diagnosis > 60) and elderly controls (age at evaluation >60) were collected at Mayo Clinic Jacksonville (JS series; 882 cases and 986 controls) and Mayo Clinic Rochester (RS series; 640 cases and 2460 controls), in addition to an autopsy confirmed series of elderly AD cases maintained at the Brain Bank at Mayo Clinic Jacksonville (AUT; 590 cases and 362 controls, age at death >60). These three series combined have 2112 cases and 3808 controls; details of which can be found in Table 1 .
All subjects from the JS and RS series were diagnosed by a Mayo Clinic neurologist. The neurologist confirmed a Clinical Dementia Rating score of 0 for all subjects enrolled as controls; cases had diagnoses of possible or probable AD made according to NINCDS-ADRDA criteria (McKhann G, et al., 1984) . In the autopsy-confirmed series all brains were evaluated by the neuropathologist, Dr. Dennis Dickson where diagnosis of definite AD was also made according to NINCDS-ADRDA criteria. This study was approved by the appropriate institutional review board and appropriate informed consent was obtained from all participants. These series have previously been used in our studies including the recent Mayo Clinic late-onset AD genome-wide association study ).
SNP selection
Three SNPs reported in the initial study (rs3741916, rs2029721, rs4806173) were genotyped in our complete case-control series with ages at diagnosis/evaluation/death above 60 years. An additional 22 SNPs were successfully assessed in the 60-78 age group. These SNPs were selected according to the criteria outlined in the Supplementary Text.
Genotyping
Three platforms were used for genotyping; Taqman, Sequenom and Illumina. The details of genotyping methods are in the Supplementary Text.
Statistical analysis
Single SNP association analysis-Each SNP was assessed individually for association with LOAD by multivariate logistic regression analysis using an allelic dosage model, adjusted for the following covariates: presence of an APOE4 allele (0,1), age at diagnosis/ evaluation/death and gender.
In order to accurately replicate the tests from the published studies we analyzed the 3 key SNPs using the "best model" described by each prior study - . Furthermore we tested each of these three SNPs for difference in effect based on the following covariate strata: APOE4 allele +/−, Age > vs. ≤ 78 years and male vs. female gender. Breslow-Day tests for each of these strata did not identify significant differences in effect for each of the 3 key SNPs (Breslow-Day p-value > 0.3).
Meta-Analysis
To perform meta-analysis of all published rs3741916 allelic associations and our series, allelic counts were calculated from the reported allelic frequency and sample size information, when available . Breslow-Day test for noncompatibility was used to test for series heterogeneity. Test statistics are reported for each series and pooled test statistics are reported using the random effects model (DerSimonianLaird).
Linkage Disequilibrium Analysis
Analysis (solid spine of LD) by HaploView (Barrett, et al., 2005) of the genotypes for all 25 SNPs (3 key SNPs initially genotyped and 22 subsequent SNPs) in our 60-78 year age group was used to identify LD blocks in GAPDH (Figures 2 a-b) and GAPDHS ( Figure A1 -2). To compare the LD surrounding the rs3741916 SNP with other Caucasian subjects, we analyzed downloaded HapMap data according to genome build 36 and assessed it in Haploview. Only a subset of our genotyped GAPDH SNPs were available in HapMap. Figure 2c depicts the LD plot of this subset in our series and figure 2d is that in the HapMap Caucasian (CEU) series.
Results
Replication analysis of SNPs previously reported by others
The demographics of the three case-control series that we analyzed are summarized in Table  1 . Table 2 compares the results from previous studies of rs3741916, rs2029721, and rs4806173 with the results we obtained for each case-control series and for the three series combined.
GAPDH SNP rs3741916-In the original study of rs3741916, Li et al.(8) showed strongest association in the APOE4-group. Using an allelic association model to analyze the APOE4-group in their combined series (Table 2A) , they found that the minor allele of rs3741916 was associated with (p=0.008) increased risk of LOAD (OR=1.27, 95%CI=1.06-1.53). When we used the same model to analyze the APOE4-subjects in our AUT series (Table 2A) , we found that the minor allele of rs3741916 was associated with (p=0.042) decreased risk of LOAD (OR=0.73, 95%CI = 0.54-0.99). There was, however, no evidence of association when we analyzed the APOE4-group in our JS, RS, or combined series (Table 2A) .
In a follow up study of rs3741916, Lin et al. found strongest evidence of association in their young age group with onset below the series mean. Using logistic regression under a dominant model to analyze the young age group (Table 2B) , they found that the minor allele of rs3741916 was associated with (p=0.002) decreased risk of LOAD (OR=0.39, 95%CI=0.21-0.70). When we used the same model to analyze the young age group with age at diagnosis/evaluation below our mean of 78 years, none of our series showed significant association. (Table 2B ).
In another follow-up study, Lee et al. analyzed their Northern European case control series using an allelic association model. This analysis (Table 2C) showed that the minor allele of rs3741916 was associated with (p=0.027) decreased risk of LOAD. When we analyzed our combined series in the same way (Table 2C) , we also found that the minor allele of rs3741916 was associated with (p=8×10 −4 ) decreased risk of LOAD (OR=0.86, 95%CI=0.79-0.94). Moreover, each of our 3 series trended toward decreased risk with ORs ranging from 0.81-0.91 and p values ranging from 0.053-0.212.
To evaluate rs3741916 for series to series heterogeneity based on APOE4, age and gender, we stratified our combined series by APOE4 (+ vs. −), age (> vs ≤ 78 years) and gender (male vs. female) and did not find any significant difference between the groups (BreslowDay test P > 0.32).
pGAPD SNP rs2029721-In the initial study of rs2029721, Li et al.(8) showed strongest association in the older age group with onset above the series mean. Using an allelic association model to analyze this group (Table 2D) , they found that the minor allele of rs2029721 was associated with (p=0.018) decreased risk of LOAD (OR=0.80, 95%CI=0.68-0.97). In follow-up, using the same model to analyze their older group, Lin et al. also found that the minor allele was associated with (p=0.004) decreased risk of LOAD (Table 2D ). When they analyzed their entire series, Lin et al. also found that the minor allele of rs2029721 was associated with significantly decreased risk (data not shown). Using the same allelic association model, we did not identify any significant association of this SNP with LOAD in the older age group of our individual or combined series (Table  2D) . Analysis of all subjects in each series or in the combined series also yielded no significant association (data not shown).
GAPDHS SNP rs4806173-In the initial study of rs4806173, Li et al.(8) showed strongest association in the young age group with onset below the series mean. Using an allelic association model to analyze this group (Table 2E) , they found that the minor allele of rs4806173 was associated with (p=0.0003) decreased risk of LOAD (OR=0.66, 95%CI=0.55-0.80). When we used the same model to analyze the young age group in our individual or combined series, we did not observe any significant association with the minor allele of this SNP (Table 2E) .
Logistic regression using an additive model with covariates
To explore a conventional additive model while controlling for covariates, we analyzed the three key SNPs by logistic regression with covariates age at diagnosis/evaluation/death, gender and presence of an APOE4 allele in our 3 series, individually and combined. We also analyzed each of these series after stratifying by mean age at diagnosis/evaluation/death (≥ or ≤ 78 years), gender and presence or absence of an APOE4 allele.
As expected from our replication analyses, GAPDH SNP rs3741916 was the only SNP that showed significant association in any of our series (Table 3) . Using the additive model with covariates, rs3741916 showed association in the combined series (p=0.003), where the minor allele was associated with decreased risk of LOAD (OR= 0.87, ). Each of the 3 series had ORs associated with reduced risk of LOAD, and the AUT series achieved significance (p=0.047). When corrected for the 3 original SNPs tested in this study, the rs3741916 association in our combined series would still be significant (p=3×0.003=0.009). However, when the stringent Bonferroni correction is applied for all 25 SNPs tested in this study, this overall association becomes marginal (p=25×0.003=0.075).
The other 2 SNPs did not reach significance in the combined series, under this model, although rs2029721 was significantly risky in the JS series (OR=1.39, 95%CI=1.07-1.81) and also had a risky trend in the combined series (OR=1.14, 95%CI=0.98-1.31). The stratum that yielded the most significant results in the combined group using the additive logistic regression approach is shown in Table 3 .
Meta-analysis
We performed a meta-analysis of GAPDH SNP rs3741916 (Figure 1) because it had the strongest evidence of association in our series and showed association with AD in all previously published series. Allele counts for rs3741916 were calculated for the previously reported case control series where allele frequencies and series sizes were available. In Figure 1a , the "Wash", "UCSD", "Linkage" and "UK" series are from the initial publication and the "NE" series is from Lee et al. There was insufficient data to calculate the allele counts for the Lin et al. study . As shown Figure 1a , three of the four series from the initial study are opposite in direction to all of the follow-up studies, leading to significant series-to-series heterogeneity for rs3741916 (Breslow-Day p value < 0.0001). When the first, exploratory series (WashU) from the initial study (Li et al) was removed from the meta analysis (Figure 1b) , the pooled OR estimate for the minor allele of rs3741916 was 0.95 (95%CI=0.81-1.10); and there was still evidence for significant series-to-series heterogeneity for rs3741916 (Breslow-Day p value = 0.0003).
When the four series from the inital study (Li et al) were removed and the four follow-up series (NE, JS, RS, and AUT) were analyzed, meta-analysis yielded a pooled OR estimate of 0.85 (95%CI=0.76-0.96) for the minor allele G of rs3741916 (random effects p=0.0094) (Figure 1.c) . We expect that addition of the Lin et al series to the meta-analysis would further improve this estimate, since that series reported significant association in the same direction as the four other follow-up series.
We assessed LD amongst our 12 GAPDH SNPs (Figures 2a-b) . We also downloaded HapMap data of this region and determined that 8 of our 12 SNPs had data in the Caucasian HapMap subjects (CEU), where we assessed LD (Figure 2d ) in comparison to that in our study population (Figure 2c ). We determined that the extent of LD between rs3741916 and its surrounding SNPs was slightly different between these two datasets, which may be one potential source of heterogeneity, though the extent of heterogeneity in LD between this SNP and rarer functional variants in this region may not be possible to fully appreciate based on the LD plots for these available SNP.
Discussion
GAPDH is an excellent LOAD candidate gene given the genetic linkage (Mayeux, et al., 2002 ,Myers, et al., 2002 ,Rogaeva E, et al., 1998 ,Scott WK, et al., 2000 and association ) findings reported at this locus and functional evidence for its role in neurodegeneration (Colell, et al., 2007 ,Nakajima, et al., 2009 . Three previous studies analyzed SNPs at the GAPDH locus and/or its paralogues in a total of 6 case-control and 3 family-based series. Using models identical to those employed in the previous studies, we evaluated three SNPs previously reported to show significant association, rs3741916, rs2029721, and rs4806173. We also analyzed 22 additional SNPs (Supplementary Text) in GAPDH and GAPDHS.
The only SNP that showed significant association in our study was rs3741916. This SNP yielded nominally significant associations with LOAD in each of the three previous studies, but the minor allele was associated with increased risk of LOAD in the initial study and with decreased risk in the two Caucasian follow-up studies. In our combined series, rs3741916 was significantly associated with decreased risk of LOAD and trended toward association with decreased risk in each of the 3 individual series. Meta-analysis of our 3 case-control series and a series from a published follow-up study with sufficient data for analysis showed significant association with decreased risk and no evidence of heterogeneity. However, meta-analysis that included the initial series as well as these follow-up series showed highly significant heterogeneity. Thus, in the studies performed to date, the minor allele of rs3741916 was associated with decreased risk of LOAD in the majority of the series. There is, however, marked heterogeneity because in 3 series from the original study , the minor allele was associated with significantly increased risk.
Heterogeneity for candidate LOAD loci is a common problem (Newton-Cheh and Hirschhorn, 2005) . Small sample size can lead to false positive results in initial studies as well as false negative results in underpowered follow-up studies. Although small sample size can explain lack of replication, it is unlikely to account for results like those for rs3741916 where there is significant association with increased risk in some studies and decreased risk in others. Lin et al. (Lin, et al., 2007) investigated the reasons for this "flipflop" of the GAPDH rs3741916 locus in their series(9) vs. the initial report(8) and concluded that differences in the correlation of this SNP with APOE could account for the different effects in the two series. Specifically, in subjects of younger age at onset, the minor G allele of rs3741916 was inversely correlated with APOE4 in the follow-up Lin et al. study , offering an explanation as to why this allele associated with reduced risk of LOAD in their study. The authors observed that the strongest association in the initial study was obtained in those subjects who lacked APOE4, where the minor allele of rs3741916 was associated with increased risk. Thus, the differential correlation between APOE4 and the rs3741916 G allele might account for the opposite effects of this GAPDH SNP allele in the two studies. The authors also concluded that differences in the ages-of-onset of the study subjects might contribute to the "flip-flop" that was observed.
In our series, we did not see a difference in the association of rs3741916 with LOAD when neither our APOE4+ and -subjects nor our old and young subjects were analyzed separately. Furthermore, in analyses where we controlled for age, gender and presence of APOE4 allele, we still found that the minor allele of rs3741916 was associated with decreased risk of LOAD. This does not invalidate the hypothesis previously suggested (11) to account for the difference between the studies by Li et al.(8) and Lin et al.(9) , but it does suggest that there may be heterogeneity unrelated to APOE4 or age that accounts for the opposite effects of rs3741916 in different series.
It is possible that multiple alleles with weak effects and/or environmental factors have an important influence on rs3741916/LOAD association and that these factors vary enough among series that there is significantly increased risk in some series and significantly decreased risk in others. Another possible explanation is that the major and/or minor alleles of rs3741916 are in LD with rarer functional SNP(s) that have relatively strong effect(s) on AD risk. If LD and/or functional allele frequency varied substantially from series to series, the minor allele of rs3741916 could be associated with increased risk of LOAD in some series and decreased risk in others.
Our results support a role for the chromosome 12p locus in LOAD, where our most significant association is reported for rs3741916 in the 5'UTR of GAPDH using all subjects from all 3 series. More work is needed to determine if this association is the result of GAPDH variants or those at other loci which are in LD with the GAPDH variants. It may be that multiple variants in multiple genes within this chromosome 12p region contribute to the findings reported at this locus. This possibility may explain the heterogeneity observed for rs3741916 and likely requires deep sequencing to uncover the true functional variants accounting for the association with LOAD.
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